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SCIENTIFIC AND CLINICAL ADVANCES implicate disruption of enzymatic systems that produce and regulate reactive oxygen species (ROS) in the pathogenesis of a number of vascular diseases, including pulmonary hypertension (11, 37, 40, 53, 64, 65) . In particular, there is growing evidence that NADPH oxidase (NOX) family members are important sources for ROS generation in vascular diseases. Yet, compared with the systemic circulation, little is known about the role of the various NOX family members in the pulmonary circulation (10, 22, 28, 39, 45, 62) . Even less is known about the role of NOX family members in regulating vascular tone and reactivity in the neonatal compared with the adult pulmonary circulation. Fundamental differences in the regulation of pulmonary vascular tone in newborns and adults caution against extrapolation of findings regarding NOX signaling in adult lungs to the newborn (52, 74) . Regulation of vascular tone is known to differ between larger (conduit-level) pulmonary arteries and smaller (resistance-level) pulmonary arteries (PRAs) (2, 3, 60) ; however, little attention has been given to the potential contribution of ROS and NOX to abnormal reactivity in the resistance-level vessels of the adult or newborn lung. With this in mind, we sought to examine the role of ROS and NOX family members in the development of pulmonary hypertension in newborns, as well as within the vessels most clearly associated with regulating vascular tone, i.e., PRAs.
The signaling abnormalities involved in the pathogenesis of chronic forms of pulmonary hypertension are likely to vary with duration of the disorder. For example, the functional and structural changes observed in chronic hypoxia-induced pulmonary hypertension have been shown to depend, at least in part, on the duration of hypoxic exposure (31, 32, 54) . We previously showed that pulmonary hypertension develops when newborn piglets are exposed to 3 days of hypoxia and that the degree of pulmonary hypertension worsens when hypoxic exposure is extended from 3 to 10 days (20) . Moreover, we have provided evidence that aberrations in pulmonary vascular responsiveness evolve over the 10 days of exposure to chronic hypoxia. For example, 3 days of exposure to chronic hypoxia enhances pulmonary vascular constriction to subsequent acute hypoxic challenges (20) . However, after 10 days of exposure to chronic hypoxia, the exaggerated constrictor response to acute hypoxia is no longer present (20) . We also found that pulmonary vascular constriction to nitric oxide synthase inhibitors remains intact after 3 days of exposure to hypoxia but is lost with extension of chronic hypoxia from 3 to 10 days (18, 19) . This latter finding suggests that pulmonary vascular nitric oxide signaling becomes impaired between 3 and 10 days of exposure to chronic hypoxia. These findings emphasize the progressive nature of pulmonary hypertension in this neonatal model of chronic hypoxic exposure and demonstrate that these two time points reflect distinct stages of disease progression characterized by different functional abnormalities. This raises the probability that the signaling abnormalities involved at the two stages differ, at least quantitatively, if not qualitatively. Of interest, early and later time periods of exposure to chronic hypoxia are associated with loss of the pulmonary vascular dilation response to the agonist ACh (18, 19) .
Recently, we showed that ROS, derived at least in part from NOX, are involved with the aberrant responses to ACh that develop in PRAs at the early stage (i.e., 3 days of hypoxic exposure) of pulmonary hypertension in newborn piglets (17) . One purpose of the present study was to determine whether ROS derived from NOX are also involved with the aberrant vascular responses that are found in PRAs of piglets at a more progressive stage of pulmonary hypertension (i.e., 10 days of hypoxic exposure). In addition, we wanted to expand our knowledge regarding the specific NOX family members that are involved in the pathogenesis of pulmonary hypertension at either stage of the disorder. We were particularly interested in evaluating NOX1 and NOX4, because they have been implicated in the pathogenesis of a variety of vascular diseases and because they have putative roles as O 2 sensors (24, 28, 45) . Furthermore, we wanted to investigate the relationship between ROS signaling and oxidative stress in pulmonary vascular tissue at early and later stages of chronic hypoxia-induced pulmonary hypertension.
METHODS

Animals.
Newborn (2-day-old) pigs (York-Landrace mixed breed) were placed in a hypoxic normobaric environment for 3 or 10 days. O2 content was regulated at 10 -12% O2 (64 -78 Torr PO2). CO2 was absorbed with soda lime, and PCO 2 was maintained at 3-6 Torr. The chamber was opened twice each day: for cleaning of the chamber and for weighing of the animals. The piglets were fed artificial sow milk ad libitum. We previously found no differences in vascular responses between piglets raised in a room-air environment and piglets raised by the vendor (19, 20) . Therefore, we used control piglets on the day of arrival from the vendor, at postnatal ages of 5-6 days or 12 days, i.e., postnatal ages comparable to those of the hypoxic piglets on the day of study. At the time of study, all piglets were preanesthetized with ketamine (30 mg/kg im) and acepromazine (2 mg/kg im) and then anesthetized with pentobarbital sodium (10 mg/kg iv). All animals were given heparin (1,000 IU/kg iv) and then exsanguinated. The thorax was opened, and the lungs were removed and placed in cold (4°C) Krebs solution (in mM: 141 Na ϩ , 4. Cannulated artery preparation. Piglet PRAs (80 -300 m diameter) were isolated, cannulated, and pressurized for continuous measurement of diameter using our previously published methods (17, 18) . Briefly, an arterial segment was threaded onto a proximal cannula and tied in place with a 22-m nylon suture. The distal end of the artery was then tied onto the distal cannula, the artery was filled with Krebs solution, and large side branches were tied off. The distance between the cannula tips was adjusted with a micrometer connected to the proximal cannula so that the slack was taken out of the artery. The exterior of the artery was suffused with Krebs solution from a reservoir at 37°C and aerated with a gas mixture containing O2, CO2, and N2, giving a PO2 of 140 Torr, a PCO2 of 38 Torr, and pH of 7.37. The arterial lumen was gravity filled from a syringe containing Krebs solution and connected to the cannula with polyethylene tubing.
Inflow pressure was adjusted by a change in the height of the infusion syringe. Pressure transducers were placed on the inflow side between the syringe and the artery and at the outflow end of the system. The artery was discarded if the pressures were not equal (indicating a leak in the vessel). The diameter of the artery was observed continuously with a video system consisting of a color camera (model VCC-151, Hitachi) and a television monitor. Vessel diameters were measured with a video scaler (model IV 550, FOR A, Gainesville, FL) that was calibrated with a micrometer scale.
Cannulated artery protocols. Each artery was allowed to equilibrate for 30 min to establish basal tone. The control arteries were equilibrated at a transmural pressure of 15 cmH 2O, and the hypoxic arteries were equilibrated at a transmural pressure of 25 cmH 2O. These pressures were used because they represent in vivo pressure (19, 20) . We previously showed no effect from these transmural pressures on pulmonary arterial responses to ACh (21) . After basal tone was established, all arteries were tested for viability by contraction to the thromboxane A 2 mimetic U46619 (10 Ϫ8 M). To check for a functional endothelium in control arteries, responses to ACh (10 Ϫ6 M) were evaluated. We previously found that hypoxic arteries constricted to ACh but dilated to another endothelium-dependent agent, the Ca 2ϩ ionophore A23187 (21) . Therefore, responses to A23187 were used to check for a functional endothelium in hypoxic arteries.
In one series of studies, we evaluated the contribution of endogenous O 2 •Ϫ and H2O2 on ACh responses in control and hypoxic arteries from the 10-day group. For these studies, changes in vessel diameter induced by ACh (10 Ϫ8 -10 Ϫ5 M) were measured before and after addition of a cell-permeable SOD mimetic, M40403 (3 g/ml), which dismutates O 2
•Ϫ to H2O2, and an H2O2-decomposing enzyme, polyethylene glycol-catalase (PEG-CAT, 250 U/ml), which converts H 2O2 to H2O. For all these studies, after assessment for viability and a functional endothelium, changes in vessel diameter were measured in response to cumulative doses (10 Ϫ8 -10 Ϫ5 M) of ACh. Next, the vessels were washed with Krebs solution, and M40403 and PEG-CAT were added to the reservoir. At 20 min after addition of the ROSdecomposing enzymes, dose responses to ACh (10 Ϫ8 -10 Ϫ5 M) were repeated.
In another series of studies, we evaluated the contribution of NADPH oxidase to changes in vessel diameter in response to ACh in control and hypoxic arteries from the 10-day group. For these studies, changes in vessel diameter were continuously monitored, while cumulative doses of ACh (10 Ϫ8 -10 Ϫ5 M) were added before and then 20 min after the addition of an NADPH oxidase inhibitor, apocynin (APO, 10 Ϫ6 M). For all the above-described studies, vessel responses to the vehicle used for solubilization of the ROS-decomposing enzymes or NADPH oxidase inhibitors were evaluated.
Immunoblot analyses of NOX1, NOX4, the NADPH oxidase subunit p67phox, SOD1, SOD2, and catalase. Pulmonary arteries (Յ300 m diameter) were dissected from lungs of both groups of control piglets and both groups of hypoxic piglets, frozen in liquid nitrogen, and stored at Ϫ80°C until use for immunoblot analysis.
We performed preliminary studies with different amounts of total protein to determine the dynamic range of the immunoblot analysis. An amount of protein that was within the dynamic range of the immunoblot analysis (30 g for NOX1, 20 g for NOX4, 5 g for total p67phox, 15 g for the membrane fraction of p67phox, 2.5 g for SOD1, 2.5 g for SOD2, and 2.5 g for catalase) was then used to compare protein abundances between homogenates of small pulmonary arteries from each group of hypoxic piglets and their comparably aged group of control piglets (see below).
Frozen samples of small pulmonary arteries from all groups of piglets (n ϭ 5 for each group) were crushed under liquid N2 in a prechilled mortar and pestle into a fine powder, transferred to a tube containing homogenization buffer with protease inhibitors, and then sonicated using three 15-s pulses, with care taken not to foam the sample. Vessel homogenates used for the p67phox determinations were then centrifuged at 9,000 g for 10 min at 4°C, and some of the supernatant was stored at Ϫ80°C as "total homogenate." The remainder of the supernatant was centrifuged at 100,000 g for 2 h at 4°C, and the pellet was resuspended in the homogenization buffer and stored at Ϫ80°C as the "membrane fraction." Protein concentrations for all homogenates were determined by protein assay (Bradford). All homogenates were diluted with PBS to obtain a protein concentration of 1 mg/ml. Aliquots of the protein solutions were solubilized in an equal volume of denaturing, reducing sample buffer, heated to 80°C for 15 min, and centrifuged for 3 min at 5,600 g in a microfuge. Equal volumes of these supernatants were applied to Tris-glycine precast 4 -20% polyacrylamide gels (Novex) so that equal amounts of protein were loaded. Electrophoresis was carried out in 25 mM Tris, 192 mM glycine, and 0.1% SDS (pH 8.3) at 125 V for 1.7 h. The proteins were transferred from the gel to a nitrocellulose membrane (Novex) using a Bio-Rad transfer box at 100 V for 1 h in 25 mM Tris, 192 mM glycine, and 20% methanol (pH 8.3). The membrane was incubated overnight at 4°C in PBS containing 10% nonfat dry milk and 0.1% Tween 20 to block nonspecific protein binding. For detection of the protein of interest, the nitrocellulose membrane was incubated overnight at 4°C with the primary antibody [1:500 dilution for NOX1 (Santa Cruz Biotechnology); 1:500 dilution for NOX4 (Abcam); 1:500 dilution for total p67phox and 1:1,000 dilution for the membrane fraction of p67phox (BD Transduction Laboratories); 1:1,000 dilution for SOD1 and 1:3,000 dilution for SOD2 (Stressgen Biotechnology); and 1:2,000 dilution for catalase (Chemicon International)] diluted in PBS containing 0.1% Tween 20 and 1% nonfat dry milk (carrier buffer) and then incubation for 1 h at room temperature with a horseradish peroxidase-conjugated secondary antibody (Zymed) diluted 1:5,000 in the carrier buffer. The nitrocellulose membrane was washed three times between the first two incubations with the carrier buffer and three times with the carrier buffer plus one time with PBS containing 0.1% Tween 20 after the final incubation. For visualization of the antibody, the membranes were developed using enhanced chemiluminescence reagents (ECL, Amersham), and the chemiluminescent signal was captured on X-ray film (ECL Hyperfilm, Kodak). Similar procedures were followed to reprobe the membranes for ␤-actin (Sigma; 1:5,000 dilution to reprobe for ␤-actin on membranes used for SOD1, SOD2, and catalase and 1:50,000 dilution to reprobe for ␤-actin on membranes used for p67phox, NOX1, and NOX4). The bands for each protein were quantified using densitometry.
To determine the influence of postnatal age, studies similar to those described above were performed to compare protein abundances of NOX1, NOX4, total and membrane fractions of the NADPH oxidase subunit p67phox, SOD1, SOD2, and catalase between homogenates of small pulmonary arteries from each group of control [5-to 6-day-old (n ϭ 5) and 12-day-old (n ϭ 5)] piglets.
SOD activity assays. Pulmonary arteries (Յ300 m diameter) were dissected from lungs of both groups of control and hypoxic piglets and stored at Ϫ80°C until use. SOD activity was determined using an SOD assay kit (Cayman Chemical, Ann Arbor, MI) according to the manufacturer's protocols. For all vessels, the assay was performed in the absence and presence of potassium cyanide to allow for the determination of the total SOD and SOD2 activity, respectively. The SOD1 activity was calculated as the difference between total SOD activity and SOD2 activity. Protein concentrations (Bradford assay) were determined for all vessel samples and used to normalize the SOD activities.
Lucigenin-enhanced chemiluminescence. Pulmonary arteries (Յ300 m diameter) were dissected from lungs of both groups of control and hypoxic piglets and placed into wells containing PBS. APO (10 Ϫ6 M) was added to some wells, and then all wells were incubated for 20 min at 37°C. Then NADPH (10 Ϫ4 M) was added to some wells, and the plate was placed into a luminometer (BMG Fluostar Optima) and allowed to equilibrate for 20 min at 37°C. For each well, after injection of lucigenin [9,9Ј-bis(N-methylacridinium nitrate), 5 mol/ l], scintillation counts, i.e., relative light units (RLUs), were obtained for 500 s. Some wells contained no vessels so that the RLUs could be background corrected. In addition, at the end of the assay, the vessels were dried so that the RLUs could be normalized to vessel dry weight.
Dihydroethidium fluorescence imaging. Lung tissue samples obtained from terminal lung lobules of both groups of control piglets and both groups of hypoxic piglets (n ϭ 5 for each group) were snap frozen in liquid nitrogen, embedded in optimal tissue cutting medium, cryosectioned into 30-m slices, mounted on Fisherbrand ProbeOn Plus microscope slides, and kept frozen at 20°C until use. In preparation for imaging, slides were removed from 20°C, treated with equal volumes of M40403 (2 g/ml) or HEPES buffer, and then placed in a dark box in an incubator at 37°C for 20 min. Next, the slides were incubated with dihydroethidium (DHE, 2 M) for an additional 20 min at 37°C in the dark. The DHE was drained, the slides were mounted in FluoroG (Southern Biotech, Birmingham, AL), and coverslips were applied for image analysis. M40403-treated and untreated slides were immediately sequentially imaged with a Zeiss LSM 510 META inverted confocal microscope using a 543-nm laser and a 585-nm long-pass filter. For M40403-treated and untreated slides, the microscope was focused on ϳ150-m-diameter pulmonary vessels. All images were obtained within 20 min. Metamorph (version 7.6) analysis software (Molecular Devices, Downingtown, PA) was used to quantitate the average value of the integrated sum (to correct for variability in vessel size) of fluorescence for each M40403-treated and untreated vessel.
Amplex Red assay. The Amplex Red assay (Molecular Probes, Eugene, OR) is a fluorometric horseradish peroxidase-linked assay that can be used to detect H 2O2. The Amplex Red reagent 10-acetyl-3,7-dihydroxyphenoxazine, in the presence of horseradish peroxidase, reacts with H 2O2 in samples and generates a fluorescent product. With minor modifications, the assay was carried out according to the manufacturer's protocol. Pulmonary arteries (Յ300 m diameter) were dissected from lungs of both groups of control and hypoxic piglets and placed into wells containing PBS. Some vessels were treated with PEG-CAT (250 U/ml). All arteries were incubated for 30 min with Amplex Red (20 M) and horseradish peroxidase (0.1 U/ml) at 37°C in the dark. Fluorescence was then measured for 60 min at 595 nm with an excitation wavelength of 530 nm using a fluorescent plate reader (BMG Fluostar Optima). The values are given as the average fluorescence at 595 nm. Background fluorescence, determined in a control reaction well without sample, was subtracted from each value. In addition, at the end of the assay, the vessels were dried, and the fluorescence values were normalized to vessel dry weight.
F2-isoprostane analyses. F2-isoprostanes were determined using a stable isotope-dilution method with detection by gas chromatographymass spectrometry and selective ion monitoring, as previously described (43, 44) . Briefly, small (Յ300-m-diameter) pulmonary arteries were dissected from each group of piglets, frozen in liquid N2, and stored at Ϫ80°C until use. On the day of use, vessels were weighed and homogenized in Folch solution, the chloroform layer was evaporated, lipids were chemically hydrolyzed using KOH, and a stable isotope, 8-isoprostaglandin F2␣-d4, was added as an internal standard. After extraction using C-18 and silica Sep-Pac cartridges, purification by thin-layer chromatography, and conversion to Omethyloxime pentafluorobenzyl ester trimethylsilyl derivatives, the compound was dissolved in undecane that is dried over a bed of calcium hydride. Negative ion chemical ionization mass spectrometry was performed with instruments (Hewlett-Packard model HP5989A and Agilent Technologies model 5973) interfaced with monitoring ions for F2-isoprostanes [mass-to-charge ratio (m/z) 569] and the [ 2 H4]15-F2␣-isoprostane internal standard (m/z 573). The ion source temperature was 250°C, and electron energy was 70 eV. All measurements were corrected for the sample weight.
Statistics. Values are means Ϯ SE. For cannulated artery studies, the change from baseline diameter in response to each agent or each dose of ACh was calculated for all vessels and then compared between treated and untreated vessels for control and hypoxic groups using ANOVA with Fisher's protected least significant difference post hoc comparison test (42) .
An unpaired t-test was used to compare NOX1, NOX4, total p67phox, the membrane fraction of p67phox, SOD1, SOD2, and catalase amounts between control and hypoxic arteries and between the two different ages of control arteries. An unpaired t-test was used to compare SOD1 and SOD2 activities and F2-isoprostanes between control and hypoxic arteries. For the lucigenin, DHE, and Amplex Red assays, measurements were compared between treated and un-treated vessels for control and hypoxic groups by ANOVA with Fisher's protected least significant difference post hoc comparison test (42) .
Materials. ACh, A23187, and APO were obtained from Sigma Chemical. M40403 was a generous gift from Activbiotics (Lexington, MA). PEG-CAT was solubilized in distilled H2O. M40403 was solubilized in 26 mM NaHCO3 buffer. ACh was solubilized in saline. APO was solubilized in DMSO. Concentrations for each drug listed in cannulated artery protocols, lucigenin-derived chemiluminescence, and Amplex Red assays were expressed as final molar concentrations in the vessel bath or wells.
RESULTS
The mean
In 12-day-old piglets, untreated control arteries (i.e., arteries from piglets raised in normoxic conditions for 10 days) dilated to ACh (Fig. 1) , whereas untreated arteries from piglets raised under hypoxic conditions for 10 days constricted to ACh (Fig.  1 ). Combined treatment with an SOD mimetic, M40403, and PEG-CAT to decompose O 2
•Ϫ and H 2 O 2 reduced dilation to ACh in control arteries (Fig. 1A) and diminished constriction to ACh in hypoxic arteries (Fig. 1A) . Results for arteries treated with the NADPH oxidase inhibitor APO were similar to those for arteries treated with the combination of agents to decompose O 2
•Ϫ and H 2 O 2 . That is, compared with their respective group of untreated arteries (Fig. 1B) , control arteries treated with APO exhibited less dilation to ACh (Fig. 1B) , whereas constriction to ACh was reduced in hypoxic arteries treated with APO (Fig. 1B) . The effect of APO or M40403 ϩ PEG-CAT on baseline diameter was minimal and did not differ between the control and hypoxic arteries (data not shown).
Immunoblot analyses with corresponding densitometry of total and membrane fractions of p67phox in small pulmonary artery homogenates from both groups of control piglets are shown in Fig. 2, A and B. During this relatively short developmental window of time between 5-6 and 12 days of age, there is an increase in total, but not membrane-associated, p67phox. In Fig. 2 , C and D, total p67phox and the membrane fraction of p67phox in pulmonary artery homogenates from piglets raised for 10 days in hypoxic conditions and their age-matched controls are compared. Total p67phox protein abundance was not changed by 10 days of hypoxia (Fig. 2C) ; however, the membrane fraction of p67phox was increased in pulmonary artery homogenates from hypoxic compared with control piglets (Fig. 2D) .
Immunoblot analyses of NOX1 in pulmonary artery homogenates from piglets raised in control (normoxic) conditions for 3 and 10 days reveal a maturation-dependent decrease in NOX1 abundance (Fig. 3A) . At 3 and 10 days, NOX1 abundance was increased in pulmonary artery homogenates from hypoxic piglets compared with their comparably aged control groups (Fig. 3, B and C) .
In contrast to NOX1, the abundance of NOX4 in pulmonary artery homogenates was similar in the two control groups (Fig. 4A) ; NOX4 abundance was also similar in hypoxic and normoxic piglets in the 3-and 10-day exposure groups (Fig. 4 , B and C; summary densitometry not shown). Similarly, no differences in the amounts of SOD2 or catalase were found when pulmonary artery homogenates from piglets raised in control conditions were compared with those from piglets raised in hypoxic conditions for comparable time periods (Fig. 4 , B and C; densitometry not shown). Similar to NOX4, there was no maturation-dependent change in SOD2 or catalase between the two groups of control (normoxic) piglets (Fig. 4A) .
Immunoblot analyses of SOD1 abundance are shown in Fig. 5 . There was no significant difference in the abundance of SOD1 in pulmonary artery homogenates from the 3-and 10-day control groups (Fig. 5A) . In contrast, the amount of SOD1 in homogenates of pulmonary arteries was significantly less in both groups of hypoxic piglets than in their comparably aged control groups (Fig. 5, B and C) . Consistent with immunoblot determinations of SOD1 protein abundance (Fig. 5, B and C) , SOD1 activity was diminished in arteries from both groups of hypoxic piglets relative to their comparably aged control groups (Fig. 6, A and C) . By comparison, consistent with immunoblot determinations of SOD2 protein abundance, SOD2 activity was similar for pulmonary arteries of hypoxic piglets and their comparably aged group of control piglets (Fig. 6, B and D) .
Lucigenin-derived chemiluminescence for small pulmonary arteries from piglets raised in normoxic (control) and hypoxic conditions for 10 days is shown in Fig. 7 . In the absence of NADPH, lucigenin-derived chemiluminescence was undetectable in either group of arteries. In contrast, as shown in Fig. 7 , in the presence of NADPH, lucigenin-derived chemiluminescence was markedly greater in PRAs from hypoxic piglets than in PRAs from comparably aged control piglets. APO reduced lucigenin-derived chemiluminescence in PRAs from hypoxic piglets to a level similar to that measured in untreated control PRAs.
In Fig. 8 , results of DHE fluorescence are summarized by confocal microscopy for PRAs in sections of lung obtained from piglets raised in normoxic and hypoxic conditions for 3 and 10 days. Regardless of the presence or absence of M40403, no differences in fluorescence were detected between PRAs from piglets raised under normoxic conditions and PRAs from piglets raised under hypoxic conditions for comparable time periods (Fig. 8) .
Results of the Amplex Red assay in PRAs from piglets raised in normoxic (control) or hypoxic conditions for 3 and 10 days are summarized in Fig. 9 . As determined by the Amplex Red assay, H 2 O 2 was detected and was reduced by treatment with PEG-CAT in PRAs from all groups of piglets (Fig. 9) . No difference in amounts of H 2 O 2 were detected between PRAs of piglets raised under normoxic and hypoxic conditions for 3 days (Fig. 9A) . In contrast, the amount of H 2 O 2 detected in PRAs from piglets raised in hypoxic conditions for 10 days was one-half of that detected in PRAs from comparably aged control piglets (Fig. 9B) . Fig. 2 . Immunoblot results and corresponding densitometry for total p67phox and the membrane fraction of p67phox relative to ␤-actin. A and B: total p67phox and the membrane fraction of p67phox in pulmonary resistance artery (PRA) homogenates from piglets in 3-and 10-day control groups (n ϭ 5 piglets in each control group). C and D: total p67phox and the membrane fraction of p67phox in PRA homogenates from piglets in the 10-day normoxic (control) and 10-day hypoxic (n ϭ 5 piglets in each group) groups. Values are means Ϯ SE. *P Ͻ 0.05, by unpaired t-test.
F 2 -isoprostane generation in PRAs from piglets raised in normoxic (control) or hypoxic conditions for 3 and 10 days is summarized in Fig. 10 . F 2 -isoprostane generation was greater in PRAs from piglets raised in hypoxic conditions for 3 days than in PRAs from piglets raised in normoxic conditions for 3 days (Fig. 10A) . In contrast, F 2 -isoprostane generation did not differ between PRAs from piglets raised in normoxic (control) and hypoxic conditions for 10 days (Fig. 10B) .
DISCUSSION
Recently, our laboratory demonstrated that ROS, produced in part by NADPH oxidase, contribute to the altered pulmonary artery responses in piglets exposed to 3 days of hypoxia (17), an early stage of pulmonary hypertension. Findings in the present study extend our previous results, demonstrating that ROS and NADPH oxidase continue to mediate aberrant pulmonary arterial responses in piglets exposed to 10 days of hypoxia, a more advanced stage of pulmonary hypertension. Important new findings in the present study are that the NOX family member NOX1 is increased and the antioxidant enzyme SOD1 is diminished in PRAs of piglets exposed to 3 and 10 days of chronic hypoxia. These data support a growing body of evidence demonstrating a role for NOX-derived ROS signaling in vascular physiology and disruption of this signaling in Fig. 4 . Immunoblot results for NOX4, SOD2, catalase, and ␤-actin. A: NOX4, SOD2, catalase, and ␤-actin protein abundances in PRA homogenates from piglets in 3-and 10-day control groups (n ϭ 5 piglets in each group). B: protein abundances in PRA homogenates from piglets raised in normoxic (control) and hypoxic conditions for 3 days (n ϭ 5 piglets in each group). C: protein abundances in PRA homogenates from piglets raised in normoxic (control) and hypoxic conditions for 10 days (n ϭ 5 piglets in each group). Densitometry values relative to ␤-actin (not shown) do not differ for any of the proteins between any of the groups. Fig. 3 . Immunoblot results and corresponding densitometry for NADPH oxidase (NOX1) relative to ␤-actin. A: NOX1 in PRA homogenates from piglets in the 3-and 10-day control groups (n ϭ 5 piglets in each group). B: NOX1 in PRA homogenates from piglets raised in normoxic (control) and hypoxic conditions for 3 days (n ϭ 5 piglets in each group). C: NOX1 in PRA homogenates from piglets raised in normoxic (control) and hypoxic conditions for 10 days (n ϭ 5 piglets in each group). ϩ, Positive control (Jurkat whole cell lysates obtained from Santa Cruz Biotechnology). Values are means Ϯ SE. *Different from control (P Ͻ 0.05, by unpaired t-test).
vasculopathies (4, 25, 37, 45, 55, 62) , including pulmonary hypertension (10, 22, 39, 45, 48, 66) .
Our conclusion that ROS contribute to aberrant pulmonary vascular responses in piglets with chronic hypoxia-induced pulmonary hypertension is based in part on our finding that treatment with the cell-permeable SOD mimetic M40403 ϩ an H 2 O 2 -decomposing enzyme, PEG-CAT, diminished constriction to ACh in PRAs from piglets exposed to 10 days of hypoxia. We also demonstrated that the NADPH oxidase inhibitor APO diminished constriction to ACh in hypoxic arteries, further supporting a role for ROS derived from the NOX family. These functional findings are similar to our recent findings from studies of PRAs from piglets exposed to 3 days of hypoxia (17) . However, it is possible that sources of ROS in addition to NOX family members could contribute to aberrant responses in pulmonary arteries from piglets exposed to 3 or 10 days of hypoxia.
The functional findings in the present study with PRAs from 12-day-old control piglets are similar to our recently reported findings with PRAs from the younger, 5-to 6-day-old, control piglets (17) . Consistent with our findings, other investigators also found that ROS-decomposing agents diminish agonistinduced dilation in pulmonary arteries from normal, control animals (22, 36) . Moreover, findings from the present study and our recent study (17) show in both groups of control piglets that treatment with the NADPH oxidase inhibitor APO has an effect similar to that of removal of ROS. Taken together, our findings indicate that dilation to ACh in PRAs from both age groups of control piglets is mediated by ROS derived, at least in part, from NOX family members.
Our findings do not necessitate that ROS play direct roles as dilators in control arteries or that ROS play direct roles as constrictors in hypoxic arteries. Rather, one possibility is that ROS stimulate production of dilator arachidonic acid metabolites, including cyclooxygenase-dependent dilators, in control arteries, whereas ROS stimulate production of constrictor arachidonic acid metabolites in hypoxic arteries. This possibility is based on the knowledge that ROS stimulate release of arachidonic acid (8, 51) and is supported by our previous findings that the cyclooxygenase inhibitor indomethacin abolishes ACh-induced dilation in PRAs from 12-day-old control piglets and reduces ACh-induced constriction in PRAs from comparably aged piglets exposed to 10 days of chronic hypoxia (18) . However, the precise signaling mechanisms by which ROS mediate disparate responses in control and hypoxic arteries are not known and merit further study.
In the present study, we show that the amount of the NOX subunit p67phox is increased in the membrane fraction of PRAs from piglets exposed to 10 days of hypoxia. This is similar to our previously reported findings from studies of pulmonary arteries from piglets exposed to 3 days of hypoxia (17) . Translocation of p67phox from the cytosol to the membrane is required for activation of some NOX family members (49) . Thus this finding about p67phox provides additional support to the notion that the NOX family is a source of ROS in the arteries from piglets exposed to 3 and 10 days of hypoxia.
We also explored the involvement of NOX1 and NOX4, because both of these NADPH oxidases have been shown to be expressed in the vasculature of a number of organs and are thought to be involved with vascular pathology (9, 41, 50, 61, 63). To our knowledge, we are the first to report that NOX1 protein is altered in the pulmonary circulation of any species or age of animal with pulmonary hypertension due to hypoxic exposure. Our observations in PRAs are particularly important, because these vessels are a principal site for regulation of pulmonary vascular tone in response to changes in PO 2 . NADPH oxidases, and NOX1 specifically (24), have been proposed as possible O 2 sensors (24, 27, 73) . Moreover, NOX1 expression has been shown to be involved with upregulation of cell proliferation and cell growth (12, 35, 63) . Therefore, an intriguing possibility that merits future investigation is that an increase in NOX1 expression contributes to the remodeling of the pulmonary circulation that is well known to occur with exposure to chronic hypoxia.
We know of only two other studies in which the effects of chronic hypoxia on NOX1 or NOX4 in the lung have been evaluated (28, 45) . In contrast to our findings with newborn piglets, NOX1 was unaltered in lungs of adult mice exposed to 3, 7, or 21 days of chronic hypoxia (45) . Also, in contrast to our findings, NOX4 was increased in PRAs of hypoxic mice (45) . Moreover, a recent study showed an increase in NOX4 expression in adult human pulmonary arterial smooth muscle cells cultured under hypoxic conditions (28) . Disparities in results between these previous studies and our present study could be due to differences in duration of hypoxic exposure, age, species, and sites along the longitudinal axis of the pulmonary circulation.
Our findings do not necessarily mean that basal ROS release is elevated in pulmonary arteries from the hypoxic piglets. This is in part because those NOX family NADPH oxidases that function as multicomponent enzyme systems need complete assembly of all membrane-linked and cytosolic subunits on the plasma membrane for ROS generation (16, 38, 49, 59) . Rather than supporting the idea that more activated, completely preassembled NADPH oxidase is present, our assessments of ROS are most consistent with the notion that NADPH oxidase has been primed during chronic hypoxic exposure. That is, we did not detect elevations in basal release of O 2
•Ϫ or H 2 O 2 in PRAs from piglets exposed to either duration of chronic hypoxia. Yet, consistent with the presence of primed enzyme (16, 59) , in the presence of the substrate NADPH, O 2
•Ϫ production, as assessed by lucigenin-derived chemiluminescence, was greater in hypoxic than in control arteries (Fig. 9) . The presence of primed enzyme could enable the hypoxic arteries to respond to appropriate stimuli with more rapid and vigorous constriction than would occur in the nonprimed state. It is possible that adequate antioxidant defense mechanisms explain why changes in NOX1 and p67phox might not have yielded detectable elevations in basal ROS production in PRAs of hypoxic newborn piglets. To pursue this possibility, we evaluated the antioxidants SOD1 and SOD2, which convert O 2
•Ϫ to H 2 O 2 , and catalase, which breaks H 2 O 2 down to O 2 and H 2 O. We found that for both periods of hypoxic exposure, SOD1 was diminished, while SOD2 and catalase remained unaltered. Diminished expression and activity of SOD1 might contribute to the smaller amounts of H 2 O 2 that we measured in the PRAs of piglets exposed to the longer, 10-day, period of hypoxia. However, at the same time, this change in SOD1 would be anticipated to increase O 2
•Ϫ , which we did not detect. Moreover, although a similar decrease in SOD1 was found in the pulmonary arteries of piglets exposed to the shorter (3-day) period, of hypoxia, no change in H 2 O 2 was detected. There are a number of possible explanations for the apparent lack of concordance between our assessments of ROS and antioxidant enzymes. One is that other antioxidant systems, which could be contributing to the removal of the ROS, are at play (7, 13, 33, 69, 72) . Furthermore, there are many enzymatic sources of ROS, in addition to NOXs, that could be concurrently altered (7, 72) , perhaps in directions opposite to NOXs. Moreover, detection of ROS is fraught with problems, and all methods have come under close scrutiny (15, 29, 68) .
In part on the basis of concerns about reliable detection of ROS, we reasoned that if the balance between ROS-generating enzymes and antioxidant defense systems is such that basal ROS generation is increased with chronic hypoxia, evidence of oxidative stress might be present. F 2 -isoprostanes are generated as a result of ROS-mediated peroxidation of arachidonic acid and are considered to be reliable markers of oxidative stress (14, 46, 47) . These compounds are formed in situ at sites of ROS generation and are noted for their chemical stability (14, 46, 47) . Our finding of increased F 2 -isoprostanes in PRAs of piglets exposed to 3 days of hypoxia is consistent with the hypothesis that ROS production in excess of local antioxidant defense systems has occurred in these tissues at this duration of hypoxic exposure. Moreover, our finding that F 2 -isoprostanes were similar in PRAs of piglets raised in normoxic or hypoxic conditions for 10 days is consistent with the possibility that basal ROS production and antioxidant defense mechanisms are in balance after this duration of hypoxic exposure. The suggested restoration of balance could occur if the sources of ROS production were reduced and/or antioxidant defenses increased between 3 and 10 days of exposure to hypoxia. Again, our finding of less, not more, potential antioxidant defense via SOD1 at 10 days of hypoxia indicates that the explanation is likely to be complex (26, 34, 58, 67, 70, 71) .
In addition to serving as markers of oxidative stress, F 2 -isoprostanes have been proposed to mediate vasoconstriction in different vascular beds and species (5, 6, 23, 30) . However, whether changes in vascular responsiveness that occur during exposure to chronic hypoxia in newborn piglets are due to F 2 -isoprostanes is unclear and requires further study.
Our findings regarding a possible change in expression of the NOX family enzymes and/or antioxidant defense enzymes between the two groups of control piglets merit comment. Of the enzymes evaluated, only NOX1 and the total amount of p67phox differed between the two age groups. Notably, even though the total amount of p67phox was increased in PRAs from the older, 12-day-old, piglets, the amount of membraneassociated p67phox, which reflects activation of the NOX isoform containing this subunit, did not differ between the two age groups. Of more interest, NOX1 was diminished in PRAs from the 12-day-old control piglets. Taken together with the finding that NOX1 was greater in PRAs from hypoxic piglets than from the comparably aged 12-day-old control piglets, it is possible that exposure to chronic hypoxia prevents the normal postnatal decline in NOX1 expression.
Limitations of our study should be mentioned. We have not evaluated the influence of postnatal age or chronic hypoxia on all known NOX family members. Nor have we evaluated all the antioxidant defense mechanisms that could be present. Another limitation is that APO, which we used to inhibit NOX, has been shown to have nonspecific actions as an ROS scavenger, to increase oxidative stress, and to have effects not related to NOX inhibition, including inhibition of Rho kinase (1, 56, 57) . Unfortunately, no specific NOX inhibitors are available.
Despite limitations, our findings extend our previous observations and indicate that ROS derived in part from NADPH oxidase family members play an important role in the aberrant PRA responses to ACh in piglets exposed to 3 and 10 days of hypoxia. Moreover, we now identify NOX1 as an NOX family member involved in the pathogenesis of chronic hypoxiainduced pulmonary hypertension in newborn piglets. Furthermore, we speculate that changes in NOX could contribute to the vascular remodeling that we have found in the hypoxic arteries (20) , possibly by preventing normal postnatal changes in NOX1 and concomitant postnatal decreases in vascular wall thickness. In addition, despite our inability to detect elevations in ROS, our finding of a decrease in SOD1 points to a probable imbalance in ROS and antioxidant defense systems that leads to an elevation of F 2 -isoprostanes, a biomarker of oxidant stress in vivo, after 3 days of hypoxia. Hence, our findings continue to support the development and evaluation of therapies targeting ROS for the treatment of pulmonary hypertension in conditions associated with chronic hypoxia, particularly at early stages of the disorder. Furthermore, the finding that some, but not all, NOX family members appear to be involved suggests that targeting specific NADPH oxidases is a therapeutic challenge worthy of pursuit. 
